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a b s t r a c t

Container ships has a transverse section in the form of an open profile, making it very sensitive to torsion
phenomena. To minimize this effect, a structure known as a torsion box exists, which is subject to high
stresses influenced by the fatigue phenomenon and the existence of cut-outs, for the passage of the
longitudinal stiffeners, acting as stress concentrators. The aim of this study is to propose a two-stage
design methodology to aid designers in satisfying the structural requirements and contribute with to
a better understanding of the considered structure. The transverse webs of a torsional box structure are
examined by comparing different cut-out geometries from numerical models with different regular load
conditions to obtain the variables of the fatigue safety factor through linear regression models. The most
appropriate geometry of the torsion box is established in terms of minimum weight, from nonlinear
multivariable optimization models.
© 2021 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Container ships are key to the world economy due to their
importance in the transport logistics chain, based on the economies
of scale phenomenon. This phenomenon declares that the unit cost
per container transported will be reduced as, the carrying capacity
of the container ship is increased, leading to the rapid growth in the
size of these ships (Wu and Lin, 2015). This increase in capacity is
associated with two phenomena; on the one hand, the increase in
the main dimensions and, on the other hand, the increase in the
loads and stresses suffered by the structure throughout its opera-
tional life (Mao et al., 2015; Vincent and Jensen, 2014; Okada et al.,
2016). This ship has a unique and exclusive general arrangement,
making it very effective in container loading and unloading oper-
ations in port. Therefore, the cross section is an open profile with
little torsional stiffness and it is quite susceptible to this phenom-
enon, which results in high loads and stresses on board (Alfred
et al., 2016; Iijima et al., 2004; Paik et al., 2001; Sun and Soares,
2003). The torsion phenomenon is maximized for wave directions
forming 60� and 120� with the ship's course (BV, 2019). The stresses
.
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on board are very high, due to the combination with the vertical
wave bending moment caused by the low section modulus at deck,
of its own conception and nature (Ferraz de Oliveira, 2015).

Due to the importance of this type of ship to the world economy,
it has been the subject of many researches. Shama (2010) examined
shear stresses derived from torsion effect and their distribution
along the ship's length overall at distinct cross sections. Sun and
Soares (2003) described a procedure to evaluate the stresses and
determine the reduction of the ship hull ultimate bendingmoment.
The phenomenon of the large deck openings is examined using a
beam model coupled with a 3D hydrodynamic model (Senjanovic
et al., 2011a, 2011b) and the influence of the engine room length
and the bulkheads on the phenomenon of torsion and distortion on
board is analysed. In order to reduce the stresses derived from the
torsional effect, it is necessary to have the so-called upper wing
torsional box structure, on the double hull in port and starboard
side, providing an increase in torsional stiffness of the cross section.
This structural configuration is specific to container ships and it has
a very high level of stresses (Im et al., 2017; Senjanovic et al., 2014).

The influence of hydroelasticity on the overall response of the
container ship structure is quite important since it is such a large
and flexible ship, and this means that its eigenfrequencies may
coincide with the encounter frequencies. This phenomenon is
known as springing, and it is of great structural importance in large
container ships, and therefore, has beenwidely studied. Senjanovic
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Nomenclature

h Height of the torsion box [m]
b Breadth of the torsion box [m]
mi Spacing of main deck longitudinal stiffener ði2ℕÞ
si Spacing of shell and inner hull longitudinal

stiffener ði2ℕÞ
hw1 Height of the web frame element (inner hull side)

[mm]
hw2 Height of the deck beam element [mm]
hw3 Height of theweb frame element (side shell) [mm]
tw1 Thickness of the web frame element (inner hull

side) [mm]
tw2 Thickness of the deck beam element [mm]
tw3 Thickness of the web frame element (shell side)

[mm]
R Radius [mm]
tf1 Thickness of the flange web frame element (inner

hull side) [mm]
bf1 Height of the flange web frame element (inner

hull side) [mm]
tf2 Thickness of the flange deck beam element [mm]
bf2 Height of the flange deck beam element [mm]
tf3 Thickness of the flange web frame element (side

shell) [mm]
bf3 Height of the flange deck beam element (side

shell) [mm]
b Value of the constraint
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et al. (2014) study the springing of large container ships using a 3D
FEM beam model to determine the transfer functions of displace-
ments and forces. Chen et al. (2006) compare different ways of
studying the phenomenon of hydroelasticity from two-
dimensional nonlinear theories and three-dimensional linear and
nonlinear theories in the frequency domain. Due to the known
influence of the springing phenomenon in fatigue assessment, Mao
et al. (2010) study this effect on a 2,800TEU container ship during
different voyages using a simplified fatigue model (under the
combined action of the whipping factor) and the application of the
generalized narrow-band approach.

The design of structures can be addressed under the concept of
limit state design (Paik and Thayamballi, 2003); Zhu et al. (2020)
study the residual strength from the Ultimate Limit State (ULS)
function of a damaged ship under the combined loading of vertical
and horizontal bending moments acting on the hull girder. Another
concept used for the scantling process is the definition of Acci-
dental Limit State (ALS); Moan (2009) study this topic, where a
quantitative and semi-probabilistic ALS procedure is introduced in
offshore structures in terms of a survivability check of damaged
structural systems. The fatigue phenomenon based in Fatigue Limit
State (FLS) has been widely investigated for its importance in the
failure of ship structures, for example, Neuberg and Drimer (2017)
present a rational limit state design method for fatigue life
assessment through a direct analysis of fluid-structure interaction.

The increase of stress values under the influence of fatigue in
container ships has been studied in a multitude of investigations;
Barhoumi and Storhaug (2014) obtain fatigue-induced stresses
under the influence of springing and whipping from on-site mea-
surements, which are evaluated in the process of correlating stress
and wind data. In the same field, Fukasaka and Mukai (2014)
determine the fatigue life of a Post-Panamax container ship (in
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terms of fracture mechanics) from the sea state and under
consideration of the rainflow method as a load cycle counting cri-
terion. According to this, some studies have tended to compare
different methodologies (hot-spot and structural stress) that allow
the determination of the best of these when examining fatigue
damage of container ship structures (Hyun et al., 2009).

The stress concentration factor due to the notching effect should
be taken into considerationwhen determining the fatigue life of the
structural detail; Hyun et al. (2010) establish the welding effect in
fatigue damage from a combination of experimental tests and nu-
merical modelling. The decrease in fatigue life because of the
increased stresses due to the notching effect is amplified in the side
shell cut-outs, where stresses have a high level compared to other
locations of the ship; Li et al. (2013) study this effect from nonlinear
time-domain hydrodynamic simulations.

Fatigue phenomenon in container ship structures influenced by
the effect of stress concentration is affected by another variable
known as slow steaming (Tezdogan et al., 2016), whose objective is
based on the reduction of service speed to reduce emissions. The
direct consequence of this approach is a longer time at sea and a
higher number of loading cycles. The transverse web of the
torsional box is influenced geometrically and, therefore a struc-
turally, by the cut-outs that permit the passage of longitudinal
stiffeners. The cut-outs act as a stress concentrator due to their
notched form and result in an increase in the fatigue phenomenon.

In the present research, a two-stage design methodology of
different geometries defining the cut-outs located in the transverse
webs of the torsional box structure of an Ultra Large Container Ship
(ULCS) (Fig. 1) under different regular loading histories (stress
range and mean stress components) is proposed, using numerical
approaches to determine the most appropriate geometry for
different comparison criteria.

In the first stage, the local (single cut-out) stress state is used as
a comparison criterion by obtaining the location and the value of
the hot-spots, in terms of fatigue life and von Mises stress. In the
second stage, the results obtained in the first stage are evaluated at
a global level (the whole torsional box transverse structure) by
means of a procedure based on the determination of the minimum
weight using non-linear multivariable optimization models, from
different combinations of the geometries that define the cut-outs.
Fig. 1. Upper wing torsional box. Transverse web detail.
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The organization of the manuscript is as follows: Section 2 de-
scribes the definition of the problem to be optimised by obtaining
the objective function and the constraints and the calculation basis
of the structural analysis is presented. Section 3 presents the study
geometry at local and global level and the design loads and
boundary conditions. In section 4, the results derived from the
previous sections (hot-spot location and stress distribution, fatigue
strength assessment, fatigue sensitivity and the minimum weight)
are obtained. Finally, the conclusions from the study are presented
in Section 5.
2. Methodology

2.1. Description

The procedure to obtain the optimum dimensions of the torsion
box consists of two stages based on the structural determination at
local level (individual cut-out), in terms of von Mises stress and
fatigue life cycles, and a subsequent analysis of the minimum
weight at global level (transverse web frame). Different geometric
combinations based on different cut-outs, longitudinal stiffeners,
loading histories with different load ratios and mean correction
theories are established to determine the degree of influence of all
of them in the calculation of the optimumdimensions of the torsion
box. Fig. 2 gives an overview of the main topics with their relations
and represents the procedure for calculating and obtaining the
most appropriate geometry.
Table 1
Mesh convergence process.

sVM (MPa) Change (%) Nodes Elements

1 70.4 e 162 19
2 95.2 26.0504 534 64
3 114.32 16.725 1395 171
4 115.1 0.6776 2018 249
2.2. Structural analysis

The location and value of the hot-spot, in terms of the vonMises
stress and fatigue life, is carried out using the Finite Element
Method (FEM) by ANSYS® Workbench 2017 software. A structured
standard mesh is established to carry out the numerical analysis, by
hexahedral elements. They are solid elements that have been
extracted from 2D quadrilateral elements following the same pro-
cedure that Huang et al. (2013). For the specific case of cut-out no. 2
and stiffener no. 1, the mathematical model consists of 171 ele-
ments and 1395 nodes with an average surface of 3.0467$10�2 m2
Fig. 2. Flowchart of the pr
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and a minimum edge length of 2$10�2 m. To validate the meshing
used, the convergence process is obtained by successive iteration of
the solution number until the change between two values (von
Mises stress, sVM) is closer than the smaller of the finite element
accuracy criteria used by Patil and Jeyakarthikeyan (2018). Table 1
shows the convergence process of the mesh as a function of the
elements and nodes used, selecting the combination of 1395 nodes
and 171 elements that provides a valid solution (with a change of
0.6772% at a lower computational cost).

Fig. 3 shows the graphical evolution of the maximum von Mises
stress for each iteration in the mesh convergence process.
2.3. Optimization problem definition

Fig. 4 depicts the iterative procedure for obtaining the optimum
dimensions of the torsion box transverse structure from each of the
possible structural combinations.

The procedure for obtaining the geometric variables that pro-
vide the optimum dimensions of the torsional box (in terms of
minimumweight) is established inMATLAB®Optimization Toolbox
(OptimTool) by determining the objective function, constraints
expressed in matrix form, solver and calculation algorithm. The
minimum nonlinear multivariable and constrained optimization
problem is considered under the formulation (French, 2008):

Minimize f ðxÞ over x2ℝn Subject to hjðxÞ¼0 with

j2 f1; :::;mg and giðxÞ�0 with i2f1; :::; ng (1)

where f : ℝn/ℝ is the objective function, the functions
h : ℝn/ℝmand g : ℝn/ℝp describe the equality and inequality
oposed methodology.



Fig. 3. Mesh convergence process.
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constraints with fm; n; pg2ℕ. The set of points that satisfy the
equality and inequality constraints is:

D¼�
x2ℝn��hjðxÞ¼0; giðxÞ�0

�
(2)

2.3.1. Objective function. Torsion box weight
A reduction of the number of geometrical variables is carried out

in order to hasten the calculation process, based on the following
affirmations that correspond to real constructive and design
practices:

a) Two zones are distinguished: On the one hand, the inner hull
side and the side shell and, on the other hand, the main deck.
Mathematically, it may be expressed as: hw1 ¼ hw3s hw2,
bf1 ¼ bf3sbf2 and tf1 ¼ tf3stf2.
Fig. 4. Optimization module
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b) Uniform thickness in the transverse structure (web frames and
deck beam): tw1 ¼ tw2 ¼ tw3 ¼ tw.

The set of variables, which define the geometry of the transverse
web torsional box, is formed by a total of eight variables:

X :¼ fhw1; hw2;bf1;bf2; tf1; tf2; tw;Rg (3)

The nonlinearmultivariable objective function has the following
expression:

f ðXÞ¼ f ðhw1; hw2; bf1; bf2; tf1; tf2; tw;RÞ¼ r
X4
i¼1

vi (4)

where r is the steel density and vi denotes each one of the sums that
compose the total volume of the transverse web of torsional box
(Fig. 5).

v1 is the total volume of the deck beam and web frame in side
shell and inner hull side. The mathematical expression is:

v1 ¼4web$twwhere 4web denotes the cross section area
ðweb frame and deck beamÞ minus cut� outs area:

(5)

v2 is the volume of the flange deck beam. The deck beam and
web frame flanges are joined after the radius R at a height of 1:8þ
d� R; the mathematical expression is:

v2 ¼4deckbeam;flange$bf2 where 4deckbeam;flange

denotes the cross sectional area:
(6)

v3 is the volume of the web frame flanges (side shell and inner
hull side), the mathematical expression is:

v3 ¼4webframe;flange$bf1 where 4webframe;flange

denotes both cross sectional areas
ðside shell and inner hull sideÞ:

(7)
Flowchart (OptimTool).



Fig. 5. Assembly process and division of torsion box zones for weight determination.
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v4 is the volume of the two end brackets that are placed on the
lower part of the two web frames, according to the expression:

v4¼2$ð4bracket $tbracketÞwhere 4bracket andtbracket
denotethecross sectionareaandthicknessof eachbracket:

(8)

The geometry of the end brackets has been determined in
accordance with the design recommendations of the Det Norske
Veritas classification society (DNV, 2015) for two fixed standard
values of limber hole (35 mm radius) and snipe (15 mm).

2.3.2. Formulation of constraints
To carry out the optimization problem, the constraints between

which the value of each of the geometric variables of the torsional
box oscillate are established. The mathematical expression that
explains this issue is:

x1 �b � x2 (9)

where x1 denotes the smallest value of the constraint of the cor-
responding variable and x2 is the highest value. Theminimumvalue
of the constraints corresponding to the variables hw1 and hw2 is the
algebraic sum of the cut-out height and a standard margin of
100 mm, while the maximum value depends directly on the value
set as a passage for on-board workers (600 mm). The rest of the
variables must have a defined fixed minimum and maximum
generic values, and whose establishment has the search of a
Table 2
Reformulation of linear constraints.

Formulation	
0:3
0:4



� hw1 � 0:42

0:05 � tw � 0:1
bf1 � 0:5hw1 � 0
0:01 � tf1 � 0:03
bf2 � 0:1
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harmonic global geometry. To analyze the problem through a
specific MATLAB (OptimTool) module, the initial constraints are
defined in Table 2.

To introduce the formulated constraints in the optimization
module, they must be expressed in the matrix form A$x � b. For
each of the optimization problem, the matrix equation updates its
value according to the value of the constraints for each case. Eq. (10)
shows the matrix formulation for one of the tested cases.

2
666666666666666666666666664

�1 0 0 0 0 0 0 0
1 0 0 0 0 0 0 0
0 �1 0 0 0 0 0 0
0 1 0 0 0 0 0 0
0 0 �1 0 0 0 0 0
0 0 1 0 0 0 0 0
0 0 0 �1 0 0 0 0
0 0 0 1 0 0 0 0
�0:5 0 0 0 1 0 0 0
0 0 0 0 �1 0 0 0
0 0 0 0 0 �1 0 0
0 0 0 0 0 1 0 0
0 �0:5 0 0 0 0 1 0
0 0 0 0 0 0 �1 0
0 0 0 0 0 0 0 �1
0 0 0 0 0 0 0 1

3
777777777777777777777777775

$

2
664
x1
x2
«
x8

3
775�

2
666666666666666666666666664

�0:3
0:42
�0:3
1
�0:05
0:1
�0:2
0:3
0
�0:1
�0:01
0:03
0
�0:1
�0:01
0:03

3
777777777777777777777777775

(10)
2.3.3. Optimization process development
From the combinations between the three longitudinal stiff-

eners, the four geometries defining the cut-outs and the estab-
lishment of the zones of the study structure, the different
geometries of the transverse web of the torsion box structure are
determined in order to establish the degree of influence of the local
geometry of the cut-out in the determination of the weight of the
transverse web structure (Fig. 6).

The number of different geometries is determined from the
following combinatorial analysis expression:

N¼
Y2
i¼1

�
Cn;k

�
i $ Cn;k ¼

"Y2
i¼1

n!
ðn� kÞ!$k!

#
$

�
nþ n!

ðn� kÞ!$k!
�
¼96

(11)

Cn;k denotes the number of k-elements combinations of n objects
without repetition. In this particular case, for i ¼ 1, the group de-
notes shell and inner hull side longitudinal stiffeners, n ¼ 2 and
k ¼ 1. Meanwhile, for i ¼ 2, the group denotes main deck longitu-
dinal stiffeners, n¼ 3 and k¼ 1. The dimension of the interior space
for the passage of the on board personnel located in the torsional
box is 600 mm and the breadth of the torsion box is 1.5 m so the
stiffener no. 3 that is located in the side shell and inner hull side
areas is discarded due to lack of space.
8<
:

0:3
0:4
0:55

9=
; � hw2 � 1

0:2 � R � 0:3
bf1 � 0:1
bf2 � 0:5hw2 � 0
0:01 � tf2 � 0:03



Fig. 6. Possible combinations between cut-outs and stiffeners.
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Cn;k denotes the number of k-element combinations of n objects
with repetition.

For each of the ninety-six possible combinations that define
ninety-six possible torsion box geometries, ninety-six different
non-linear multivariable optimization problems are established,
which require a different objective function and ninety-six
different matrix equations to define the distribution of con-
straints for each of the variables. To solve the numerical optimi-
zation problem, MATLAB's own solver and algorithm, fmincon and
Sequential Quadratic Programming (SQP) are used, respectively.
SQP (Zhibin, 2005) is one of the most effective methods for non-
linearly constrained optimization, generating steps by solving
quadratic subproblems from an iterate xk and using the minimizer
of this subproblem to define a new iterate xkþ1. The basis of the SQP
method is to solve the Karush-Kuhn-Tucker (KKT) conditions using
Newton's method. These KKT conditions may be written as follows:

VxLðx*; l*;m*Þ ¼ Vf ðx*Þ þ lTVhðx*Þ þ mTVgðx*Þ ¼ 0
hðx*Þ ¼ 0
gðx*Þ ¼ 0

(12)

l and m are the so-called Lagrangemultipliers. If ðxi;li;miÞis an initial
point and the Newton method is applied, the matrix equation is as
follows:

2
4VxxL Vg Vh
Vg 0 0
Vh 0 0

3
5 $

2
4Dx
Dm
Dl

3
5 ¼ �

2
66664
Vx

�
xi; li;mi

�
g
�
xi
�

h
�
xi
�

3
77775 (13)

Finally, the reformulation of the nonlinear multivariable opti-
mization problem is obtained by generating quadratic
subproblems:

Vf
�
xi
�T

dþ 1
2
dTVxxL

�
xi; li;mi

�
d

h
�
xi
�
þ Vh

�
xi
�T

d ¼ 0

g
�
xi
�
þ Vg

�
xi
�T

d ¼ 0

d ¼
�
x� xi

�
(14)
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An iterative process obtains the optimum results defining the
geometric variables of the torsion box for each of the combinations
from a generic and common start point. The convergence and
validity of the results is achieved by establishing default stopping
criteria according to the solver and algorithm.

3. Design basis

3.1. Upper wing torsional box geometry

The study structure is located at the height of the main deck on
the double hull (port and starboard side) and it is characterized by
forming an underdeck passageway with its structure (Fig. 7). The
geometry used is based on previous investigations (Senjanovic
et al., 2011a,b; Fricke et al., 2002) and on the Det Norske Veritas
(DNV) classification society journal (DNV GLmaritime publications,
2016). A representative value of 1.5 m has been taken for this type
of vessels to determine the value of the torsion box breadth. The
study structure has two brackets located on the lower part of the
structure and whose formulation follows the recommendations
and design requirements of the DNV. Fig. 7 shows the geometrical
design variables that compose the transverse web of torsional box.

3.2. Local model

The test specimens are characterised by the morphology of the
cut-out in the transverse web, which is influenced by the cross
section of the longitudinal stiffener. An L-type cross section has
been selected for its importance and generality, in terms of pres-
ence and appearances in the ship's structure. Table 3 represents the
three different L-type longitudinal stiffeners selected (JFE, 2021).

The presence of the longitudinal stiffener (only used to obtain
the size of the cut-out) and the collar plates are omitted since the
research is focused on the transverse structure without influence,
in terms of load transmission, of the longitudinal elements. The
geometry of the cut-outs is dimensioned by choosing four project
alternatives following the recommendations and design standards
of the Spanish Shipyards Group (SSG) made up of the main com-
panies dedicated to shipbuilding in Spain. The standard geometries
are selected, considering recommendations of main classification
societies as well as technical and economic criteria, with the final
goal of minimizing the internal industrial cost for new construc-
tions. Four types of cut-out geometries are arranged in a
500�430 mm steel plate with uniform thickness of 20 mm (Fig. 8).



Table 3
Dimensions (in mm) of the three longitudinal stiffeners.

Web Flange

Stiffener no.1 200 � 10 90 � 14
Stiffener no.2 300 � 13 90 � 17
Stiffener no.3 450 � 11.5 125 � 18

Fig. 7. Typical midship section container ship. Torsional box detail.
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Fig. 9 shows the cut-out no. 1 and no. 2 on a real ship structure.
The value of the minimum area for the first two longitudinal

stiffeners is given for cut-out no.3, while for the longitudinal stiff-
ener no.3 is given for cut-out no. 4. This is because the value of the
radius that defines the longitudinal stiffener cut-out must increase
the amount required for longitudinal stiffener no.3. Normal
strength steel is used with 210 GPa elastic modulus (E), a Poisson's
ratio (v) of 0.3 and a yield stress (sy) of 235 MPa. The steel density
ðrÞ is 7.85 ton/m3.
3.3. Design loads and boundary conditions

The tested specimens are subjected to regular loading situations
related to three different loading conditions whose common
characteristic is the maximum and generic value of the load
(300 kN). The stress state corresponds to a uniform and uniaxial
Fig. 8. Dimensions of the different cut-outs (mm). From left to righ
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load distribution in opening mode under the Single Edge Notched
Tensile (SENT) configuration to evaluate the less-conservative
strength criteria (Ameli et al., 2019) (Fig. 7). The main difference
between the three regular load histories is the value of the stress
range (expressed in terms of loading history scale factor) and the
existence of mean stress component. In order to differentiate the
three load conditions, the load ratio (RL) concept is used, which is
the quotient between the minimum and maximum stress of the
load history (Fig. 10).

There are different criteria for mean stress component in the
load history, based on its influence on the determination of fatigue
life with respect to its value when there is no mean stress
component. The most widely used correction theories are:
Goodman (1899), Gerber (1874) and Soderberg (1930). The three
correction criteria are present in ANSYS® Workbench 2017 for the
numerical analysis of the corresponding structural calculations. In
Fig. 11, the three theories are represented graphically with their
respective mathematical formulation. In this study, fatigue life re-
sults are compared for each of these theories.

The local model is characterized by a bottomweld with the side
shell or inner hull side plates, which is modelled by a fixed support
that eliminates movements at all degrees of freedom and it rep-
resents the hull shell plating stiffness with respect to the local
model (Fig. 12).
t: cut-out no. 1, cut-out no. 2, cut-out no. 3 and cut-out no. 4.



Fig. 9. Cut-outs no. 1 and no. 2 in a shipyard block assembly sequence.

Fig. 10. Load histories.
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4. Results and discussion

4.1. Hot-spot location and stress distribution

Fig. 13 shows the vonMises stress distribution in each specimen
for the same load condition (RL ¼ �1). Hot-spot location is in the
upper region of the cut-out in the perpendicular direction to the
load; this location is homogeneous for all of the cut-out geometries
tested. The least appropriate cut-out, in terms of von Mises
maximum stress, corresponds to cut-out no. 3, while the most
convenient is cut-out no. 2 (3.45% better with respect to cut-out no.
3, Table 4). Cut-out no. 1 and no. 2 are similar in terms of von Mises
maximum stress; the choice between them responds to
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constructive and operational criteria in accordance with welding
between cut-out and stiffener.

Table 4 depicts the cut-out area for each longitudinal stiffener,
the von Mises maximum stress for the different cut-out geometries
with the same thickness and the required thickness to adjust the
von Mises maximum stress taking as reference value the lower one
corresponding to cut-out no. 2.

Theweight increase required in cut-out no. 3 and no. 4 to reduce
the stress corresponds to 3.4% and 1.5% compare to cut-out no. 2,
respectively. These values are not remarkable at the individual
level, however if the cut-out no. 3 is present throughout the ship
length, the additional amount of material makes an important
contribution, translated in terms of extra weight and money, to be



Fig. 11. Mean stress component correction theories.

Fig. 12. Loads and boundary conditions in the reference coordinate system.

Fig. 13. Hot-spot location around the cut-out.

Table 4
Cut-out area for each longitudinal stiffener, von Mises maximum stress and thickness value comparative (E ¼ 210 GPa, sy ¼ 235 MPa, v ¼ 0.3).

Cut-out

No. 1 No. 2 No. 3 No. 4

Area (m2) Stiffener no.1 0.046 0.041 0.028 0.035
Stiffener no.2 0.065 0.055 0.042 0.047
Stiffener no.3 0.111 0.094 0.079 0.068

von Mises maximum stress (MPa) Initial case tw ¼ 20 mm 114.81 114.32 118.41 115.27
tw value comparative 114.55 (tw ¼ 20.7 mm) 114.17 (tw ¼ 20.3 mm)
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considered in the design process. The use of cut-out no. 2 (or ge-
ometries based on it) in the study structure is recommended.

4.2. Fatigue strength assessment

The Fatigue Safety Factor (FSF) is defined as a contour plot of the
factor of safety with respect to a fatigue failure at a given design life
with a standard value of 1$109 cycles (Vidhya and Christina, 2020;
Wasmi et al., 2006). The fatigue strength assessment, in terms of
FSF, is calculated for each of the 84 specimens relating to the
different combinations composed of the four cut-out geometries,
the three loading conditions with their respective three correction
theories for each of the three stiffener scantlings. Fig. 14 depicts the
evolution of the FSF value for the case of stiffener no. 2.

Fig. 15 shows the difference, in terms of fatigue life and fatigue
damage, between the most favorable and least favorable combi-
nation specified in Fig. 14.

The load history that has the most influence on the determi-
nation of fatigue life is fully reversed, followed by the zero-based
and the ratio, regardless of the cut-out tested. The highest value
of the FSF corresponds to the combination of cut-out no. 2, load
history RL ¼ 0.5, and Gerber correction, while the lowest value
corresponds to cut-out no. 3 with load RL ¼�1 (68% improvement).
Cut-out 3 has the lowest FSF regardless of the type of load history,
correction theory and stiffener scantling; cut-out no. 2 is the most
recommended geometry.
Fig. 14. FSF value as a function of the cut-out, load h
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The determination of the corresponding correction theory for
the existence of the mean stress component in the load history
corresponds to more or less conservative criteria in obtaining the
fatigue life. This issue is due to the mathematical and physical na-
ture of the correction theories that establish their limits according
to the yield or ultimate limit of the material. The most conservative
theory corresponds to Gerber criterion, while the least conservative
theory is Soderberg criterion. Based on the results obtained and
according to structural criteria, Gerber criterion as a correction
theory is recommended when necessary, since it permits a certain
safety margin in case of unexpected loads.

4.3. Fatigue sensitivity

Fatigue sensitivity is defined as the concept that expresses the
ability to vary the FSF explained in the previous section due to a
change in the initial stress range value (loading history scale factor
equal to one). This concept allows extrapolation of the structural
behavior under loading conditions that differ from the initial con-
dition and it serves as a design and scantling tool. Fatigue sensi-
tivity is determined by obtaining the fatigue safety factor for
different increases in the value of the stress rangewith respect to its
initial value (20%, 40%, 60%, 80% and 100%) and its behavior is
estimated by means of a linear regression model. 420 specimens
are checked from the different structural combinations and the five
new selected values of the stress range which allows for a higher
istory and correction criteria for stiffener no. 2.



Fig. 15. Intact and damaged region: (Left) Cut-out no. 3 with RL ¼ �1, (Right) Cut-out no. 2 with RL ¼ 0 and Gerber correction.
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reliability of the regression model. In Fig. 16, the different linear
regression models are shown for the particular case of cut-out no. 3
and stiffener no. 2.

The concept of fatigue sensitivity is translated in terms of the
slope of the straight line calculated from the linear regression
model, such that a high value of the straight line indicates high
sensitivity and vice versa. Fig. 17 shows fatigue sensitivity behavior
from the slope value of the linear regression model for each of the
cut-outs, load histories and mean stress correction theories for the
case of stiffener no. 2.

An inverse relationship between the FSF value and the fatigue
sensitivity for the same stiffener is established. The safest combi-
nation with the lowest FSF turns out to be the most sensitive to a
change in the stress range (cut-out no. 2, RL ¼ 0.5 and Gerber
correction). The FSF value for the stress range initial and final is
compared and the behavior, in terms of percentage decrease, with
respect to the initial value of the safety factor is established. In most
of the specimens tested, the decrease in the FSF is 51%, corre-
sponding to 83.3% of the total specimens. The rest of the values
describing the behavior of this variable are shown in Fig. 18.

There is a great similarity between the values of FSF, for the
same cut-out but with different load conditions, when the stress
range of the load history increases with respect to its initial value.
For high values, in which the fatigue life decreases considerably, it
may be determined that the choice of the respective correction
theory is no longer relevant, due to the great similarity between the
Fig. 16. Fatigue sensitivity of cut-out no. 3, in terms of FSF, as a function of the load
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FSF. In the design stages, where it is considered that the structure
will work with loads that are very close to the structural limit, the
choice of the theory does not have a decisive influence, as opposed
to those stages with design loads distinct from the structural limit,
and the use of the Gerber criterion is advised.

4.4. Design optimization. Minimum weight

The ninety-six geometries of the transverse web of the torsional
box structure are assessed under the influence of the cut-out ge-
ometry. Fig. 19 shows the process of obtaining the optimal geo-
metric variables for the particular case of the first sub-case of study.

Where Function Value denotes the current value of the objective
function, Function Evaluations is the number of evaluations of the
function for each of the evaluations, Step Size is the current step size
and the First-order optimality is a measure of how close a point is to
optimal. The optimization problem is considered solved when the
first-order optimality measure (3.14$10�9) is less than the tolerance
imposed by the software (1$10�6) and the relative maximum
constraint violation (5.55$10�17) is less than the constraint toler-
ance (1$10�6). Table 5 shows the value of the geometric variables
that define the optimum dimensions of the transverse web
torsional box structure for each of the ninety-six tested specimens.

A common behavior characterised by the constant value of the
eight variables defining the optimal study geometry is observed by
obtaining a greater influence of the global variables (transverse
history, correction criteria and stress range value by obtaining regression lines.



Fig. 17. Slope of the regression line as a function of the cut-out geometry, load history and correction criteria used for stiffener no. 2.

Fig. 18. Variation of the FSF as a function of the increase of the stress range for the different cut-out geometries, load histories with their respective correction criteria for stiffener
no. 2.
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Fig. 19. Obtaining optimal variables for the particular case of cut-out no.1 and stiffener no. 1 in all cut-outs of the transverse web torsional box structure.

Table 5
Value of the variables influencing the optimum
weight.

Variable Value

hw1,hw2,bf1,bf2,tf1,tf2,tw minfx1;x2g
R maxfx1;x2g

A. Silva-Campillo, J.C. Su�arez-Bermejo, M.A. Herreros-Sierra et al. International Journal of Naval Architecture and Ocean Engineering 13 (2021) 772e785
web torsional box structure dimension) over the local ones (cut-out
geometry) when determining the minimum weight. This result is
obtained by comparing two different algorithms (SQP and Interior
Point). An improvement in the choice of the SQP algorithm is ob-
tained due to a lower number of iterations (3) required than the
Interior Point algorithm (20), which translates into a lower
computational cost.
5. Conclusions

A two-stage design methodology to predict the local fatigue
damage of transverse web torsional box structure under structural
and optimal weight analysis considerations is presented. This
calculation procedure is straightforward, flexible, efficient and
user-friendly and it is intended to contribute to the scantling phase
in the early design stages of an Ultra Large Container Ship. The
obtained conclusions are based on the different combinations of
cut-out geometries, stiffener dimensions and loading histories with
their correction theories. The most appropriate geometry (lowest
stress concentration) is cut-out no. 2 and it is present together with
the RL ¼ 0.5 loading history and Gerber correction theory as the
best combination against fatigue damage (highest FSF). This com-
bination is also the most sensitive to an increase of the stress range,
expressed in terms of the increase of the scale factor. In the design
phase, cut-out geometries similar to no. 2 should be chosen ac-
cording to structural criteria.

The main contribution of this methodology is the inclusion of
the optimal analysis, in terms of minimum weight, after the
structural design has been carried out. A greater influence of the
dimensions defining the transverse web versus the dimensions
defining the cut-outs has been obtained for all tested geometries in
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the optimization process which allows the omission of the cut-out
geometry in the study of the minimum weight of the study struc-
ture to be established. This procedure allows that the results may
be used in order to facilitate and accelerate the scantling process
with the same reliability, focusing structural design efforts on the
cut-out geometry and focusing optimal design and weight reduc-
tion efforts on the transverse web torsional box dimensions. This
paper presents a starting point under this design methodology
which will be further assessed and applied under other load history
parameters (stress range and mean stress component), loading
conditions (shear mode) and transverse web dimensions with the
influence of different collar plate geometries.
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